Abstract
Introduction

1
Over the last century, along with the general increase in the rate of human activities, urbanization 2 has become a global trend (Irwin and Bockstael, 2007) . Impact from the urbanization process is an 3 important component of urban ecology and is critical not only to the environmental sciences but also for 4 urban engineering (Kaye et al., 2006) . Impervious surface area (ISA), which is defined as the area of the 5 constructed surfaces (i.e., roofs, roads, parking lots, and other man-made surfaces) that prevent water from 6 infiltrating into the soil, has been proposed as a useful index to quantify the urbanization process (Arnold 
18
even though mixed pixels will dominate in these images.
19
Spectral mixture analysis (SMA) is an approach for decomposing the signal measured at a given 20 pixel into its component parts (i.e., endmembers), and has been widely used in remote sensing of ISA with 21 medium resolution imagery (Weng, 2012) . SMA was originally proposed by Adams et al. (1986) 
10
Consequently, the objectives of this study were: (1) to develop a new TMA-based method that can
11
accurately estimate ISA at a large scale in Japan as a case study, and (2) to evaluate the performance of the 12 proposed method by comparing it with several previous methods (e.g., SMA-based methods and regression 13 analysis method). 
5
(Please insert Fig. 1 here) 
6
It can be considered that the vegetation pixels in the above vegetation map contained many mixed Mathematically, this relation can be written as:
where NDVI mix is the temporal profile of NDVI of the target pixel; NDVI i is the temporal NDVI signature 9 of the endmember i; f i is the fraction of the endmember i, and ε is the residual representing model error.
10
The fractions of the endmembers are commonly constrained by
12
The fraction of each endmember can be obtained using the least-squares method.
14
Temporal characteristics of major vegetation types in Japan
15
Based on the pure vegetation map and smoothed NDVI time-series datasets, the temporal profiles of 
4
Second, principal component analysis (PCA) was carried out for the extracted NDVI time-series datasets 5 to guide endmember selection for TMA (Smith et al., 1985) . It can be seen that the first and second 6 principal components (PCs) represented 99.8% of the variances contained in the extracted NDVI time-7 series datasets. From the feature space representation of the first two PC components, three endmembers 8 (i.e., pixels distributing on the apex of a triangle) can be identified (Fig.4) . They are forest, crop and ISA.
9
The averaged NDVI temporal profiles of the selected three endmembers with their standard deviation and 10 relative standard deviation are shown in Table 1a . Finally, for a given pixel, by using the linear mixture 11 model of TMA (Eq. 1) with the selected three endmembers, the fraction of each endmember can be 
25
The error was quantified by the root mean square error (RMSE) as well as the mean bias (MB), and 26 these terms were defined as follows: 
8
The ISA fraction map estimated by using the proposed method is shown in Fig.5 . It can be seen that 9 the high ISA fraction was mainly distributed in several large cities, such as Sapporo, Tokyo, Nagoya and
10
Osaka; the middle ISA fraction was found in other cities and rural areas; and the low ISA fraction was 11 almost completely distributed in the forest area, which is the largest land cover type in Japan. 
22
The ISA estimated from MODIS NDVI-time-series datasets using the proposed TMA-based method 
17
The results of the accuracy assessment for the previous methods are also shown in Fig.7 . The results
18
shown in Fig. 7b indicate that the SMA method has large estimation error and the overestimations with America is not suitable to estimate the ISA in Japan, probably because of the different patterns in 25 population distribution and nighttime light usage between Japan and America.
11
Compared with the previous methods, the TMA gave the best performance among the four methods.
1
The determination coefficients of the three previous methods were 0.63 (the SMA method), 0.80 (the 2 NSMA method), and 0.51 (the global ISA map), respectively, which also were lower than that of the dependent on a comprehensive endmember library, which is difficult to obtain from a practical standpoint.
8
Another advantage of the proposed TMA-based method is that it provides an opportunity to separate 9 the vegetation endmembers into two types: forests or crops. In addition to the ISA, the crop is also an 
14
those of forests; generally, forests achieve maximum canopy covers within a few weeks whereas crops 15 take longer time to achieve full canopy cover. This phenomenon can also be seen from Fig. 3 . Therefore,
16
by using temporal features in TMA instead of spectral features in SMA and NSMA, separation of forests 17 and crops becomes possible (Fig. 4) . Further studies will be needed to explore this possibility. 
23
In this study, the effects of bare soil were not considered because bare soil is not a major land cover 24 type in Japan. However, for applying the proposed TMA-based method to areas that include a lot of bare 25 soils or deserts, these effects could be substantial, because bare soil and sand have NDVI temporal profiles 26 similar to those of the ISA. In these cases, ancillary data obtained from DMSP/OLS have the potential to 27 13 remove the effects of soils (Elvidge et al., 2007) . In addition, the TMA cannot be applied to satellite data 1 with high spatial resolution, because this kind of satellite data always shows low temporal resolution, and 2 thus it would not provide appropriate temporal profiles for the TMA. 
5
where N is the number of endmembers (i.e., spectrally "pure" materials), f j is the fraction of endmember j, 
9
The second method is the NSMA method (Wu, 2004) . In the NSMA, the normalized reflectance 10 spectra of each pixel and endmember were used instead of the reflectance spectra in the SMA model. The 
16
The third method is based on a multiple linear regression model using the nighttime light and 
6
Mean column is the mean value of the temporal/spectral profiles for each endmember (temporal/spectral 7 signature); SD column is the standard deviation of the temporal/spectral profiles for each endmember, 
5
City in the north, Kanto Plain in the east and Kagoshima City in the south were selected and Landsat images of
